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Abstract –The article studies the elastic and locomotive properties of Miura-
ori-type paper origami. The mechanics of a single paper crease is studied
experimentally, and its non-elastic properties turn out to be crucial. The
entire origami construction is then described as a collection of individual
creases, its capability to launch small objects is evaluated, and the equation of
motion is found. Thus, the height of the launched ball is studied theoretically
and experimentally as a function of governing parameters.
Introduction. – In our investigation, we
will consider the properties of paper origami,
designed to vertically launch small loads. This
problem was proposed by the organizing com-
mittee of the X International Physicists’ Tour-
nament. In its original version, we were to opti-
mize a paper construction such as Miura-ori to
vertically launch a standard Ping-Pong ball to
a maximally possible height. We were also re-
stricted to use only one uncut sheet of A4 paper
(80 g/m2). It had a fixed thickness, density and
inherent anisotropy caused by the fibrous struc-
ture.
We define origami as a paper construction cre-
ated by folding paper. The creation of creases
is accompanied by damage to the material and
plastic deformations. This process is irreversible,
as can be seen from the photo (fig. 1). However,
once folded, origami may be subjected to further
deformations that can be elastic in the vicinity of
the stable position. Different types of these de-
formations are possible: bending, stretching, all-
round compression etc. Although both stretch-
ing and all-round compression can store a lot
of energy, we will focus on the optimization of
a one-layer Miura-ori, which operates solely on
bending deformations.
Design of the folding. Miura-ori is one of
the popular models known from the mechani-
cal modeling of metamaterials [1], [2], [3]. The
Miura fold is a rigid origami, i.e. each cell is
flat and does not change either its shape or its
linear dimensions during any transformations of
the folding. That is why in our treatment we will
consider only bending deformations in the edges
and require that the energy stored in bending
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Fig. 1: Demonstration of modifications in the struc-
ture of the folded paper. a) The first folding of an
initially flat sheet of paper. One can see the cor-
rugation of the internal layer. b) The same sam-
ple bent backwards. Now the preliminary stretched
layer forms many more creases.
is much greater than the energy stored in other
types of deformations. This principle also allows
us to treat the construction as a sum of single
folds. We note that multilayer structures will be
disregarded because of stretching deformations
appearing in them.
Standard Miura-ori is a pattern consisting
of equal parallelograms connected by folds
(fig. 2, a, b). Besides a standard flat Miura-ori
(fig. 2, a) there are multiple isomorphic varia-
tions [4], [5], leading to a wide range of so called
Miura-like structures. We call the standard
Miura pattern flat, because Miura-like structures
in a folded state may have different shapes, e.g.
cylindrical. To construct a mathematical model
of the Miura-ori folding pattern we parametrized
it using 5 parameters: the length L1 and the
height L2 of the paper sheet (which are fixed for
our problem), the number N1 of horizontal folds,
the number N2 of vertical folds, and the angle
of construction α (which are variable). This set
of parameters can describe the standard Miura
pattern (fig. 2,b). Moreover, by varying angles
and distances, one can construct many possible
Miura-like structures (fig. 2,c) that can be non-
homogeneous or even non-periodic.
Dead ends. – In this section we try to eval-
uate the effectiveness of the origami launcher
purely theoretically, by applying the linear the-
ory of elasticity and avoiding the use of any
phenomenological laws and experimentally de-
termined dependencies. Due to the peculiarities
of the paper structure and the presence of very
Fig. 2: The Miura pattern and parametrization a)
Photo of the standard (flat) Miura origami. b)
The standard Miura scheme and its parameters: the
length L1 and the height L2 of the sheet (fixed), the
number N1 of horizontal and N2 of vertical creases,
and the angle of construction α (variable). c) The
Miura-like structure scheme. All cells may be arbi-
trarily varied, but L1 and L2 are still fixed.
large deformations, this theory could provide at
most an estimate of the height reached by the
ball.
From the linear theory of beams, we can write
the expression for the elastic potential energy of
one fold [8]:
W =
φ2IE
2l
. (1)
Here φ = pi is the bending angle of the fold. E
is the Young’s modulus of the paper. l = pi d2 de-
notes the length of the neutral line, with d being
the paper thickness. I = ad
3
12 is the geometric
moment of inertia of the paper’s cross-section,
with a = LN1 +
L2N2
sinα being the total length of
all the creases on the sheet of paper (fig. 2). Sub-
stituting all these expressions into (1), we obtain:
W =
(
LN1 +
L2N2
sinα
)
d2
Epi
12
. (2)
The height to which the ball rises can be es-
timated from the law of conservation of energy,
by equating (2) to the kinetic energy of the sys-
tem (14), thus obtaining the initial velocity of
the ball v, and expressing the maximum height
using the law of uniformly accelerated motion,
hmax =
v2
2g . The answer is
hmax =
(L1N1 sinα+ L2N2)d
2Epi
4 sinα(3m+m0)g
. (3)
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This expression correctly reproduces some fea-
tures seen experimentally in fig. 8: linear depen-
dence of hmax on N1 and N2, monotonous de-
crease of hmax as a function of α. Still, assuming
E ≈ 3 · 109 Pa [9] and substituting the typical
geometric properties from our experiments, we
get the value hmax ≈ 1 km, which is 3 orders
of magnitude too high. The reason for this dis-
crepancy can be seen in fig. 1: the inner side of
the fold does not compress but corrugates, which
also causes a much smaller stretching of the outer
side of the fold, with an Ep much smaller than
(2). Moreover, the real curvature radius of the
fold is much larger than the assumed value of d2 .
To some extent, these deficiencies of the theory
can be remedied by introducing into (1)-(2) an
“effective thickness” much smaller than h and an
“effective length” much larger than l = pi d2 . The
unavoidable need for such arbitrary fitting pa-
rameters and a scandalously large height reached
by the ball, in our opinion, render the existence
of a simple axiomatic theory highly implausible.
We thus consider this unsuccessful attempt to be
a motivation for the creation of the phenomeno-
logical theory, as presented in the following part
of this article.
Methods. –
Dynamics of a single paper crease. The
properties of the paper are related to numer-
ous elastic and frictional processes in its fibrous
micro-structure. The torque provided by the
bent paper nonlinearly depends on the angle be-
tween the facets. Moreover there is a hysteresis
(from the cycle of opening/closing the fold), so
the properties of paper are process-depending.
Moving layers are subjected to the internal fric-
tion that also depends on the motion rate. The
physics behind all these values is very compli-
cated and sensitive to the particular conditions
of the experiment, such as the brand and the
quality of the paper, the state of the environ-
ment, the folding method etc. That is why it is
very difficult to study from microscopics the elas-
tic properties of such a complex material as pa-
per. However, it is possible to construct a simple
phenomenological theory describing this system.
To do this, we decided firstly to study the dy-
namics of a single paper crease, to obtain its ba-
sic elastic characteristics from the experiment,
and then to apply this result to describe the en-
tire origami. Let us write the equation of motion
for the system consisting of a single paper crease
fixed by one face to the floor, with an additional
load fixed to the edge of its moving face:
Iφ¨ = M(φ, φ˙)−Mg(φ), (4)
where I is the moment of inertia of the moving
part of the paper and the load, M(φ, φ˙) is the
effective torque due to the elastic and frictional
forces in the crease, and Mg is the torque re-
lated to the gravity force acting on the load and
the paper. In our approach, we assume that the
effective torque in its turn consists of the static
torque M0 and the dissipative term that depends
on the angle between the two paper faces and the
angular velocity,
M(φ, φ˙) = M0(φ) + µ(φ)φ˙. (5)
Here we assume that M0 is only a function of the
angle φ, and that the dissipative term is propor-
tional to the angular velocity φ˙ (some analogy to
a viscoelastic model) with the coefficient of pro-
portionality µ depending in its turn on the angle
φ. Substituting these expressions and treating
the values of the moment of inertia and the grav-
itational term through the paper and the load
parameters, we obtain the differential equation
of motion:(
ml2 +m0
L2
3
)
φ¨ = (6)
= M0(φ)− µ(φ)φ˙−
(
ml +m0
L
2
)
g cosφ,
where m and l are respectively the mass and the
lever arm of the load, while m0 and L are the
mass and the length of the moving part of the
paper. In this equation, the static torque M0(φ)
and the dynamical dissipative coefficient µ(φ) as
functions of the angle are to be determined from
the experimental study .
p-3
Oryna Ivashtenko1, Polina Kofman1, Oleksiy Golubov1,2, Zakhar Maizelis1,3
Fig. 3: Scheme of the experimental technique with a
single fold. The load (red rectangle) is put at the ex-
tremity of one face, while the other is clamped to the
surface. Considering the faces to be rigid (indeed,
the crease is much easier to bend that the undam-
aged paper, as we saw in the experiment), we track
the temporal evolution φ(t) of the crease opening,
starting from φ = 0.
In our experiment (fig. 3), we filmed the dy-
namics of a loaded paper crease, traced it using
the program Tracker [7], thus obtaining the time
dependence of the angle φ(t) for different masses
of the load, numerically differentiated them and
treated the angular velocity φ˙(t) and accelera-
tion φ¨(t) as functions of φ (fig. 4). Before per-
forming the numerical differentiation, the exper-
imental data were subjected to smoothing, using
spline interpolation. All the points in our exper-
iment come from a single paper sample. These
dependencies are reproducible, but they are very
sensitive to any changes: paper should be taken
from the same package, fold should be made in
the same way by the same person (because dif-
ferent pressure during folding etc. causes dif-
ferent damage to the material), environmental
conditions such as humidity should also be the
same etc. Therefore, unfortunately, to repeat all
the following computations in different circum-
stances one needs to obtain corresponding char-
acteristics of a single bend once again.
We analyzed the obtained experimental data
to find the empirical parameters of our model.
For this purpose, we substituted φ˙(φ) and φ¨(φ)
into equation (6) and treated the effective torque
in each case. When varying the mass of the load,
the angular velocities are different for the same
value of the angle. As such, we fixed the value of
the angle, constructed the dependence of the ef-
fective torque on the angular velocity, and fitted
these data using our linear assumption with M0
Fig. 4: Angular dependences of a) the angular veloc-
ity and b) the acceleration. We used the measured
time-dependences of the angle, the angular velocity
and the angular acceleration to express the latter two
as functions of the angle. Different curves correspond
to different masses of the load.
and µ as fitting parameters (fig. 5, a)). The lin-
earity of this dependence verifies our assumption
regarding the viscoelastic form of the effective
torque of M(φ, φ˙).
Repeating the same procedure for different
fixed angles we received the static torque M0(φ)
and the dynamical dissipative coefficient µ(φ) as
functions of the angle (fig. 5, b)). After interpo-
lation, these functions can be used to solve the
equations of motion of complex origami struc-
tures consisting of a number of creases.
Operation of the construction as a whole.
Relying on the obtained results for a single pa-
per crease, we now can build a theoretical model
for the operation of a complex origami structure.
We treat the origami folding as a set of single
creases, so we need only to sum up the work of
all these creases, taking into consideration the
construction properties. Let us consider the en-
ergy transformations of the system including the
origami and the load.
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Fig. 5: Processing the experimental data. a) Ex-
ample of the dependence of the effective torque
M(φ0, φ˙) on the angular velocity φ˙ for the fixed open-
ing angle φ0 = 0.4 radians. Variation of the effective
torque at a fixed angle is achieved by changing the
load mass. This dependence is fitted according to
our assumptionM(φ, φ˙)=M0(φ)+µ(φ)φ˙ withM0(φ)
and µ(φ) as fitting parameters. So, from this linear
fit we get M0(φ0) and µ(φ0). The same procedure is
then repeated for other values of φ0. b) The result-
ing empirical parameters of our model as functions of
the angle of inclination of the paper. The upper plot
is the static torque provided by the paper crease and
the lower one is the dynamical dissipative parameter
slowing down the motion of the paper. The latter
is the coefficient of proportionality relating the ef-
fective torque and the angular velocity. It should be
noted that in further calculations these values will be
normalized according to the corresponding length of
the crease.
∑
i, edges
M(φi, φ˙i)∆φi = ∆Ep + ∆Ek + ∆El, (7)
where ∆Ep and ∆Ek are respectively the incre-
ments of the potential and kinetic energy of both
the paper construction and the load, and ∆El de-
scribes all other energy losses related to the load,
e.g. air drag, rotation etc. By a simple estima-
tion (see Appendix 1) it can be shown that these
losses are negligible with respect to the other
terms of the equation, so we will not take ∆El
into consideration in our further computations.
Our task is to study the height of the load,
so it would be reasonable to rewrite all of the
equations in terms of the vertical coordinate x
(fig 6, a). To do this, we need to establish re-
lations between the change of the coordinate x
and that of each of the angles φi. The elemen-
tary work of the effective torque then reads
M(x, x˙)dx =
∑
i, edges
M0(φi(x))
dφi
dx
dx−
−
∑
i, edges
µ(φi(x))x˙
(
dφi
dx
)2
dx , (8)
where M0 and µ are numerical functions
(fig. 5, b)) normalized according to the length
of the creases.
To find the coefficients of transformation dφidx ,
we need to express the angles φi in terms of the
coordinate x. Firstly, we express the angles be-
tween the two particular facets in terms of the
local displacement of one fold, and then we gen-
eralize this result to the entire construction with
the total displacement x. In the case of a stan-
dard flat Miura-ori, we have two different types
of angles (fig. 6, b). We solve this geometric
problem (see Appendix 2) and obtain the fol-
lowing expressions:
φ1 = arcsin
[
2
x
L2
√
1− x
2
L22
]
, (9)
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Fig. 6: Miura-ori launching a ball. a) The construc-
tion disposed vertically with a ball on it. x is the ver-
tical coordinate of the ball measured from the initial
position of its center of mass, the origami being in
the folded state. b) A single crease within the entire
construction. Each of the angles φi corresponds to
one of the types of folds. For the case of a standard
flat Miura-ori presented in this figure, there are two
different types of folds: near the side a and near the
side b.
φ2 = arcsin
2 cosα
√
L22
x2 − 1
L22
x2 − sin2 α
 . (10)
As can be seen, these expressions are related
to the parameters of the particular pattern dis-
cussed in the previous section. Here, L2 is the
height of the paper sheet and α is the construc-
tion angle (see fig. 2, b). For the standard flat
Miura pattern we have only one type of cell, and
hence only one construction angle. We also need
to find the derivatives of the obtained relations.
Differentiating (9) and (10) we get
dφ1
dx
=
2√
L22 − x2
, (11)
dφ2
dx
=
2 cosα√
L22 − x2
(
1− x2
L22
sin2 α
) . (12)
Using these expressions (9-12), M(x, x˙) can be
treated in terms of x:
M(x, x˙) = (13)
= N1L1
(
M0[φ1(x)]
dφ1
dx
− µ[φ1(x)]x˙
(
dφ1
dx
)2)
+
+
N2L2
sinα
(
M0[φ2(x)]
dφ2
dx
− µ[φ2(x)]x˙
(
dφ2
dx
)2)
,
where N1 and N2 are respectively the numbers
of horizontal and vertical folds. The multipliers
L1 and
N2L2
sinα come from calculating the length
of the folds of a given type (see fig. 2, b).
In respect of the kinetic and potential energy
terms Ek and Ep, they will consist of the energies
of the load and of the origami itself. The expres-
sion for the total kinetic energy of the origami
is complicated as it includes all of the inner mo-
tions of each particular crease. To simplify the
calculations, we will neglect these inner motions
and consider only the vertical velocity of the pa-
per. Of course, this neglect may result in errors
of our computations, but we accept it as the first
approximation. Thus, the kinetic energy of the
origami also can be easily treated in terms of the
vertical motion.
We assume that the bottom of the origami re-
mains at rest (we fix it to the table), its top
moves at the speed of the ball v, and the ver-
tical velocity of the paper changes linearly with
height (in reality, it is not exactly so because of
the increasing effective load on the lower folds
due to the mass of the above paper). Then, av-
eraging the squared velocity over the length of
the origami, we get the following expression for
the kinetic energy of the system:
Ek = Ek,ball +Ek,origami =
mv2
2
+
1
3
m0v
2
2
, (14)
where m is the mass of the ball, m0 is the mass
of the origami, and the factor 13 comes from the
averaging. As for the potential energy, it can
also be treated in terms of x as a sum of the two
energies (using the same notations):
Ep = Ep,ball + Ep,origami = mgx+m0g
x
2
. (15)
Having the expressions for the kinetic energy
(14), the potential energy (15), and the effective
torque (13), as well as the relation for the en-
ergy transformations in the system (7), we can
consider the energy change per unit time that
provides a new equation of motion similar to (6):(
m+
m0
3
)
x¨ =M(x, x˙)−
(
m+
m0
2
)
g, (16)
where M(x, x˙) is given by (13).
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Fig. 7: Time-dependence of the vertical velocity x˙ of
the load obtained from the numerical solutions of the
equation (16) for different numbers N1 of horizontal
and N2 of vertical folds. Green lines show N1 varying
from 2 to 20 with fixed N2=10, blue lines - vice versa.
Naturally, when increasing the number of folds, the
height of the ball also increases. The curves are cut
off at the point of maximum, that is in the moment
of separation from the construction.
Results. – The numerical solution of this
equation gives the time dependence of the coor-
dinate of the load and its vertical velocity (fig. 7).
It is influenced by all of the parameters of our
system. As we recall, our task was to investigate
the maximum height of the launched load, so we
should find the velocity of the ball at the mo-
ment of its separation from the origami. Then
we could easily convert it into the maximum po-
tential energy and find the height of the ball.
From our solutions, the maximal velocity of the
ball can be obtained as a function of the gov-
erning parameters N1, N2, and the construction
angle α.
Experiment. To study the dependence of the
maximum height of the ball on the proposed pa-
rameters, we carried out a set of experiments
varying independently N1, N2 and α. We drew
and printed three series of patterns with two
parameters fixed and the third one varying in
some range. All of the obtained dependences are
shown in fig. 8 and compared to the correspond-
ing theoretical curves. As can be seen from these
plots, the height of the launched load increases
with increasing numbers of horizontal and verti-
cal folds. This result is quite logical as the lever
arm of the folds that decreases with increasing
number of folds is not important for the result-
ing speed of the load. The energy coming from
the creases is determined by their number and
their inner properties. As concerns the impact
of the construction angle (fig. 8, c), its increase
results in a decrease of the height. Indeed, in
this case the projection on the vertical axis of
the force coming from the vertical creases be-
comes smaller and decreases the energy given to
the load.
It should be noted that fixing some typical val-
ues of the parameters in the datasets does not al-
low us to reach the maximal height. To do this,
we should perform the optimization while involv-
ing all of the parameters simultaneously. From
our result, one can see that to increase the height
of the ball it is necessary to increase the numbers
of folds and to decrease the construction angle.
Experimentally, we are naturally limited by our
possibility to construct an origami with arbitrary
parameters. When trying to reach the optimal
parameters, the height approaches a value of the
order of 50 cm. Our best result was achieved
when we tried to make an origami corresponding
to the extreme values of the parameters from our
plots (fig. 8). Here, the load becomes unstable
on top of the Miura-ori, so the vertical launch
becomes complicated, and the full collection of
statistics becomes cumbersome. Moreover, when
the cells are so small, the impact of the human
factor dramatically increases. The characteristic
scale of construction errors becomes comparable
to the size of the cells, so each inaccuracy results
in significant changes to the launcher properties.
Discussion. – It is impossible to disregard
the fact that the standard flat Miura-ori stud-
ied in our paper is not the best construction for
vertically launching a ball. We investigated it
in order to understand the general principles of
its work and to study the influence of different
factors.
Our method was based on experimentally
measured paper characteristics. That is why all
of our experiments were carried out with the
p-7
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Fig. 8: Experimental dependences of the maximum
height of the launched ball on the governing pa-
rameters: a) on the number N1 of horizontal folds
(N2=7, α=60
◦); b) on the number N2 of vertical
folds (N1=5, α=60
◦); c) on the construction angle
α (N1=7, N2=7). Error bars in the plots are es-
timated approximately, to include the instrumental
errors, the statistical distribution of repeated experi-
ments, and the measurement inaccuracies related to
the human factor. Each experiment was repeated
several dozen times, and then from the initial data
set only vertical launches were selected. Each data
set is compared to the theoretical solution with the
corresponding parameters.
same batch of paper. When we tried to take an-
other A4 paper, we got a strikingly different re-
sult: the same folding launches a ball almost two
times higher. So, our theoretical functions can-
not be applied to describe another type of paper.
However, our treatment allows us to introduce
arbitrary initial curves and parameters, and to
perform all of the calculations again. Moreover,
we can use the relations between the angles and
the vertical coordinate to describe other Miura-
like foldings. In general, the proposed method
is applicable to the investigation of any kind of
structure that can be treated as a sum of indi-
vidual creases.
For example, the simplest extension of a stan-
dard Miura-ori is the cylindrical Miura folding
(fig. 9). The properties of such constructions
have been studied in detail in [6]. This type of
pattern is particularly interesting for our prob-
lem because it provides a stable vertical launch
of the ball and allows one to effectively use the
energy stored in the folds.
The geometry of the cylindric folding is more
complex than that of the flat one. In order to be
cylindric, it already includes two different con-
struction angles related with each other and a
number of facets of the polygonal cylinder base.
Thereby, the number of different angles between
the pairs of faces and their derivatives with re-
spect to the vertical coordinate increases. These
relations become more complicated and imply
some geometric restrictions caused by the ability
of the folding to be easily compressed and decom-
pressed. For example, for some values of angles,
it is impossible to compress the cylinder by a
continuous movement. It requires a kind of “ge-
ometry breaking”: to be compressed, the folding
needs to be self-crossed, like the Mo¨bius strip. As
we are launching a ball, it is an important lim-
itation in our problem, together with other one
concerning breaking the rigidity of some cylin-
drical constructions. That is, having two sta-
ble states, the origami needs its faces to be bent
when getting from one stable state to another.
These elastic modes, as well as other properties
of the cylindrical Miura-ori are discussed in [6].
This type of folding is able to provide a suffi-
ciently large height of the ball (up to about 60
cm, which is slightly higher than our results for a
flat Miura-ori) and can be equally well described
by our theoretical model with the corresponding
geometry.
Conclusion. – The elastic properties of the
origami arise from the combination of its folds,
so we first study the mechanics of an individual
p-8
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Fig. 9: The cylindrical Miura folding. a) Shape of
the construction with the polygonal cylinder base.
b) Scheme of this folding. One can notice that there
are two different construction angles. These angles
are related to each other and the number of edges of
the polygonal base.
crease. Theoretically and experimentally, we de-
termined the dynamics of a paper fold. In our
experiments we noticed that paper has nonelastic
and nonlinear properties. We saw the hysteresis
loop on the static loading curve when opening
and closing the fold. We experimentally mea-
sured the dependence of the angle, the angular
velocity and the angular acceleration on time.
Thereby, we found the torque provided by the
paper fold and the dissipation in the fold de-
pending on the angle and the angular velocity.
Using this result, we solved the differential equa-
tion of motion and measured the dependence of
the maximal angular velocity on the mass of the
load.
With the aid of the result for a single fold,
we found the velocity of the entire origami, the
velocity of the ball and the height reached by
the ball. To do this, we created an algorithm
to calculate the angles between the facets of a
Miura-ori structure, and implemented it numer-
ically.
In addition, we have made a number of ex-
perimental measurements, in which we studied
the velocity and the coordinate reached by the
ball as a function of variable parameters, such
as the number of horizontal and vertical folds,
and the angle of the construction of the origami.
Comparing the experiment data to the numerical
solution, we saw that the discrepancy was small.
Still, if we use paper with other characteristics,
its rigid properties will be different, and we will
need to go through the fitting and calibration
process once again.
Our theoretical and experimental methods de-
vised for the Miura-ori can be used to study other
similar constructions.
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Appendix 1. –
Estimation of the energy loss of the load.
The load loses energy by interacting with air.
With typical orders of magnitude of all the val-
ues in our problem, the estimated value of the
Reynolds number of a load is
Re =
ρvD
η
∼ 1
kg
m3 1
m
s 10
−2m
10−5 kgms
∼ 103, (17)
so we will use the quadratic law to estimate the
air drag force Fdr. The energy dissipation is
equal to the work of this force over the height
of the launched load (the load is considered to
be a ball)
Edis ∼ Fdrh ∼ Cρpir
2v2h
2
∼ Cρpir
2gh2
3
. (18)
The potential energy gain of the load is
Ep = mgh. (19)
The ratio of these two energies is (units of mea-
surement are omitted, all the values are written
out in the SI)
Edis
Ep
∼ Cρpir
2gh2
3mgh
∼ Cρpir
2h
3m
∼ 0.5 · pi · 1 · 10
−4 · 0.5
3 · 10−3 ∼ 0.03 (20)
Thus, the energy dissipated in the air is two
orders of magnitude less than the typical energies
in our problem. Finally, to estimate the energy
of rotation of the load, we assume the load to
be a ball making about one turn over the raising
time, as was observed in our experiments.
Erot =
Iω2
2
∼ mr
2(2pi/t)2
3
∼ mr
2(2pi)2/(2h/g)
3
∼ 2pi
2mr2g
3h
, (21)
so the ratio of this energy and the kinetic en-
ergy of the translational motion (which is almost
equal to its potential energy gain) is (values are
Fig. 10: A folded standard Miura sheet with the
total displacement x distributed over N1 local dis-
placements ∆x. The opening angle φ1 is located for
example between faces 1 and 3, and φ2 is respectively
between faces 2 and 3 (the numbers of the faces are
indicated in yellow circles).
also given in SI)
Erot
Ep
∼ 2pi
2mr2g
3mgh2
=
2pi2r2
3h2
∼ 2pi
2 · 10−4
3 · 0.52 ∼ 0.003. (22)
Thus, the energy lost to the load rotation is also
small.
Appendix 2. –
Calculation of opening angles. To find the
opening angles as functions of the vertical co-
ordinate x let us consider a paper sheet with
the length L1 and the height L2 folded using
the standard Miura pattern with N1 horizontal
creases (fig. 10). As the origami opens, the net
displacement variable x increases (x= 0 for the
completely closed origami). This total displace-
ment is a sum of the local displacements ∆x
of each cell, and we consider them to be equal
(∆x = x/N1). There are two different opening
angles in this construction: φ1 near the “hori-
zontal” crease and φ2 near the “vertical” crease.
Let us focus on one particular cell (fig. 11).
It consists of parallelograms of sizes l2 and l1
(where l2 =L2/(N1 sinα)) and has the construc-
tion angle α. From the right triangle 4A3A4B1
(fig. 11, a) one can find A4B1 = l2 sinα. The
line segment A4B2 shows the distance between
two parallel planes A1A4A5 and A2A3A6, so it
p-10
Origami launcher
Fig. 11: One Miura cell with the additional construc-
tion showing the two planes (a) and its separate el-
ements (b, c, d). The planes A1A4A5 and A2A3A6
always remain parallel and in a real origami launcher
are parallel to the ground. The local displacement
∆x is the distance between these planes.
is equal to the local displacement ∆x. The an-
gle between the planes A1A2A3 and A2A3A6 is
equal to a half of the opening angle φ1 and can
be found from the right triangle 4A4B1B2 (see
also fig. 11, b). So,
sin
φ1
2
=
∆x
h sinα
=
x
L2
, (23)
which after a trigonometrical transformation re-
sults in eq. (9).
From the right triangle 4A1A4C2
with ∠A1A4C2 = α we have A1C2 = l sinα,
and A4C2 = l cosα. At the horizontal plane
(fig. 11, c) let ∠A4A3B2 = γ. Then sin γ = ∆xh .
As A4A5 || A3A6, we get ∠C1A4C2 = γ,
so from the right triangle 4C1A4C2 we ob-
tain C1C2 = l cosα tan γ. Finally, in the
right triangle 4A1C2C1 (fig. 11, d) the angle
∠C1A1C2 is equal to one half of the opening
angle φ2, so one can find
sin
φ2
2
=
l cosα tan γ
l sinα
=
cotα sin γ√
1− sin2 γ
=
cosα√
L22
x2 − sin2 α
, (24)
and for the doubled argument one can find
eq. (10).
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